The basic structural features of channel gating in glutamate receptors (GluRs) remain unknown. Here we used covalent modification of substituted cysteines and fast agonist application to study the contribution of the M3 segment in AMPA receptor GluR-A subunits to channel structure and gating. The pattern of accessibility of substituted cysteines to extracellularly applied methanethiosulfonate reagents and the rates of their modification by these reagents, measured in either the presence or absence of glutamate, indicate that M3 forms an ␣-helix that lines the pore of the channel and is involved in gating-related movements. The voltage dependence of modification rates places the tip of the M2 loop (the Q/R site) close to the middle of M3. All of these results are consistent with pore-forming domains in GluR and K ϩ channels having a similar structure but inverted membrane topology. Nevertheless, GluRs lack a glycine residue at a homologous structural position as the gating hinge glycine in K ϩ channels. Moreover, simultaneous substitution of the only two glycines in M3 of GluR-A with alanines produced channels with gating properties indistinguishable from wild type. Given the unique role of glycines in the flexibility of ␣-helices, our results indicate that the M3 segment in GluR does not contain a glycine gating hinge and suggest that, in contrast to the homologous domain in K ϩ channels, M3 is rigid during gating. The different positioning and functional significance of glycines in a key structural domain may represent the basis for the distinct features of gating in GluR and K ϩ channels.
Introduction
A key function of ionotropic glutamate receptors (GluRs) in synaptic physiology is defined by channel gating: the conversion of the conformation changes in the ligand-binding domain after glutamate binding to channel opening. Recent crystallographic studies have revealed essential features of gating at the level of the ligand-binding domain (Armstrong et al., 1998; Armstrong and Gouaux, 2000; Mayer et al., 2001; Sun et al., 2002) . In contrast, the structural basis of how conformational changes in the ligandbinding domain are propagated to transmembrane segments and correspondingly to gating of the ion conduction pathway remains poorly understood.
GluR channels share general structural features with K ϩ channels (see Fig. 1A ) (for review, see Kuner et al., 2003) . In K ϩ channels, the inner helix (M2) is the major structural element lining the intracellular vestibule and defining gating. In the closed state, M2 is nearly straight and forms a gate for K ϩ ions at the intracellular mouth of the channel (Liu et al., 1997; del Camino and Yellen, 2001) . With channel opening, M2 bends away from the central axis of the pore at the point of a gating hinge formed by a highly conserved glycine (Jiang et al., 2002b) . This glycine is positioned just below the tip of the P loop, permitting movement of M2 independent of the P loop and leaving the selectivity filter essentially motionless during gating. The positioning of this gating hinge glycine is critical because even a slight change in it disrupts gating, in most cases yielding nonfunctional channels (Ding and Horn, 2003) .
The homologous domain in GluRs, the M3 segment, also contributes to channel gating (Kohda et al., 2000; Jones et al., 2002; Sobolevsky et al., 2002a) . Surprisingly, in a sequence alignment (see Fig. 1 B) , GluR M3s have no glycine at the position homologous to the gating hinge in K ϩ channels, although two glycines are located 6 and 7 positions N-terminal. To address the general topology of pore-forming domains in GluRs and a potential role of glycines in gating, we took advantage of covalent modification of substituted cysteines as well as fast agonist application. In these experiments, we focused on the M3 segment in AMPA receptors (AMPARs) because they can form homomultimers, like K ϩ channels, and represent the most likely GluR subtype to show structural and functional homology to them.
We find that the M3 segment in AMPARs composed of GluR-A (GluR1) subunits is a pore-lining ␣-helix involved in channel gating. The tip of the M2 loop is positioned close to the middle of M3. Although similar to K ϩ channels, this structural arrangement places no glycine residue in M3 right above or even close to the tip of the M2 loop. Furthermore, substitution of two glycines in M3 not only produced functional channels [in contrast to K ϩ channels (Yifrach and MacKinnon, 2002) ], but the channels displayed gating properties indistinguishable from wild type. We therefore propose that M3 in GluRs does not contain a glycine gating hinge and that, in contrast to K ϩ channels, gating in GluRs involves a rigid M3.
Materials and Methods

Mutagenesis and heterologous expression
All cysteine substitutions were introduced into a GluR-A (flip form) expression construct in which a leucine in the ligand-binding domain was substituted with a tyrosine ]. This construct is essentially nondesensitizing . Point mutations were generated either with a QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) or by other PCR-based methods using Platinum Pfx DNA polymerase (Invitrogen, Carlsbad, CA) or Pfu poly DNA polymerase (Stratagene, La Jolla, CA). Positive clones were subcloned back into the respective wild-type clone, either in the pSP vector or the eukaryotic expression vector pRK. All constructs were sequenced over the entire length of the replaced fragment. cRNA was transcribed and capped for each expression construct using SP6 RNA polymerase (Ambion, Austin, TX) and examined electrophoretically on a denaturating agarose gel. RNA concentrations were determined by ethidium bromide stain of the gel relative to an RNA molecular weight marker. Dilutions of RNA (0.01-0.1 g/l) were prepared to achieve optimal expression. Nondesensitizing wild-type [GluR-A(L479Y) or wt'] or cysteinesubstituted subunits were expressed in Xenopus laevis oocytes. Oocytes were prepared, injected, and maintained as described Sobolevsky et al., 2002a) . Recordings were made 1-6 d after injections.
Wild-type and mutant GluR-A subunits (without the nondesensitizing L479Y mutation) were also expressed transiently in human embryonic kidney 293 (HEK 293) cells. Cells were transfected using the "adherent cells" procedure as outlined by the manufacturer (FuGene 6, Roche, Indianapolis, IN) at a ratio of 100 M FuGene/1 g transfected DNA. A vector for enhanced green fluorescent protein (pEGFP-C1; Clontech, Palo Alto, CA) was cotransfected at a ratio of 1:9 (GFP/GluR-A). Recordings were made 1-4 d after transfection.
Current recordings and data analysis
Whole-cell currents of Xenopus oocytes were recorded at room temperature (20 -23°C) using two-electrode voltage-clamp (DAGAN TEV-200A, DAGAN Corporation, Minneapolis, MN) with Cell Works software (npi electronic, Tamm, Germany). Microelectrodes were filled with 3 M KCl and had resistances of 1-4 M⍀. To minimize solution exchange rates, we used a narrow flow-through recording chamber with a small volume of ϳ70 l. The external solution consisted of (mM): 115 NaCl, 2.5 KCl, 0.18 CaCl 2 , and 10 HEPES, pH 7.2, NaOH. Glutamate (1 mM), CNQX, and methanethiosulfonate (MTS) reagents were applied with the bath solution.
Currents in HEK 293 cells were recorded at room temperature (20 -23°C) using an EPC-9 amplifier with PULSE software (HEKA Elektronik, Lambrecht, Germany), low-pass filtered at 2.9 kHz, and digitized at 10 kHz. Patch pipettes had resistance of 2-4 M⍀ when filled with the pipette solution and measured in the extracellular solution. No series resistance compensation was used. External solutions were applied using a piezodriven double-barrel application system. One barrel contained the external solution, whereas the other barrel contained the same solution with added glutamate (1 mM). The 10 -90% rise time of the open tip response measured with this application system was ϳ350 sec. This time was close to the rise time of glutamate-activated currents in outside-out patches (300 -500 sec), suggesting that to a great extent the activation process was limited by the rate of solution exchange. The intracellular (pipette) solution consisted of (in mM): 140 KCl, 10 HEPES, and 1 BAPTA, pH 7.2, KOH. The extracellular solution consisted of (mM): 140 NaCl, 10 HEPES, 1.8 CaCl 2 , and 1 MgCl 2 , pH 7.2, NaOH.
Data analysis was done using Igor Pro (WaveMetrics, Lake Oswego, OR) and Microcal Origin 4.1 (Northampton, MA). For analysis and display, leak currents were subtracted from total currents. Results are presented as mean Ϯ SEM. An ANOVA or a Student's t test was used to test for statistical differences. The Tukey test was used for multiple comparisons. Significance was assumed if p Ͻ 0.05.
Experimental protocols
AMPAR cysteine-substituted mutant channels were probed from the extracellular side of the membrane with MTS reagents: 2-aminoethyl MTS (MTSEA) and 2-(trimethylammonium)ethyl MTS (MTSET). MTS-containing solutions were prepared, stored, and applied as described (Sobolevsky et al., 2002a) . MTS reagents were purchased from Toronto Research Chemicals (Ontario, Canada). All other chemicals were obtained from Sigma (St. Louis, MO). Steady-state reactions. Steady-state reactions were quantified at Ϫ60 mV (see Fig. 2 ). Baseline glutamate-activated current amplitudes (I pre ) were established by three to five consecutive 15 sec applications of glutamate separated by 60 -120 sec washes in glutamate-free solution. Subsequent to the last wash, an MTS reagent (2 mM) was applied for 60 sec either in presence of glutamate or in its absence (but in the presence of 10 M CNQX). After the MTS exposure, current amplitudes (I post ) were determined again using three to five glutamate applications. The washout interval between the end of the MTS reagent application and the first post-glutamate application ranged from 1.25 to 5 min. The change in the glutamate-activated current amplitude, expressed as a percentage (% change), was calculated as ϭ (1 Ϫ I post /I pre ) ϫ 100. The change in the leak current amplitude, expressed as a percentage (⌬leak), was calculated as ϭ ((I Reaction rates. Reaction rates (k) were determined by using a "pulsive" protocol (see Fig. 3 ) as described in detail in Sobolevsky et al. (2002b) . The voltage dependence of k was analyzed according to the following equation:
where V h is the holding potential, k 0 is the apparent second-order rate constant for modification at V h ϭ 0, ␦ is the fraction of the transmembrane electric field that the MTS reagent passes to reach the exposed cysteine, and z is the charge of the reagent. F, R, and T and Faraday's constant, the gas constant, and the absolute temperature, respectively. To derive z␦, we rearranged Equation 1:
where A is Ϫ(RT/F ) Ln k 0 , and fitted Equation 2 to plots of Ϫ(RT/F )Lnk against V h . Gating kinetics. To determine gating kinetics, we recorded currents at Ϫ60 mV in outside-out patches excised from HEK 293 cells. Desensitization ( des ) and deactivation ( deact ) time constants were determined by fitting the current decay during 100 msec and after 1 msec application of glutamate, respectively, with a single exponential function. The steadystate to peak current ratio (SS/peak ratio) was calculated as I SS /I CTZ , where I SS is the steady-state current amplitude in the presence of glutamate (1 mM) and I CTZ is the maximal current amplitude in the presence of glutamate and 30 M cyclothiazide. The time constant for recovery from desensitization ( rec ) was estimated using a two-pulse protocol. After a base 100 msec application of glutamate, a 5 msec test application of glutamate was applied at increasing times thereafter. The peak during the test application (I test ) was normalized to the peak current of the base application (I base ): I norm ϭ I test /I base . Normalized currents were plotted as a function of time after the end of the base application and fitted with a single exponential function to derive rec .
Modeling
To illustrate our general ideas, we built simplified three-dimensional geometrical models of GluR and K ϩ channels using the POV-Ray (version 3.5 for Windows) program. In these models, ␣-helical regions are represented by cylinders (diameter 5 Å; the ends were defined on the basis of the coordinates of the beginnings and ends of the corresponding ␣-helical regions) connected by loops (cubic splines on the basis of coordinates of C ␣ s in the extended regions). K ϩ channel models (see Fig. 7 ) were made on the basis of coordinates of KcsA [Protein Data Bank (PDB) code 1K4C] and MthK (PDB code 1LQN) channels (Zhou et al., 2001; Jiang et al., 2002a) . GluR channel models were generated by transform-ing the K ϩ channel models to account for the following conditions: (1) the diameter of the GluR channel narrow constriction in the closed state is Ͻ3 Å to prevent ion flux; (2) the diameter of the narrow constriction in the open state is ϳ7 Å (Burnashev et al., 1996) ; (3) the symmetry and general arrangement of the transmembrane domains and the general direction of their movements during gating is similar to those in K ϩ channels; (4) the movement of M2 loops during gating parallels the movement of the transmembrane domains; and (5) there is no gating hinge in the M3 segment.
Results
We used the substituted cysteine accessibility method (SCAM) to determine the general structure of the M3 segment and its positioning relative to M2. The interpretation of our results is limited by the assumptions of SCAM (Karlin and Akabas, 1998) . For example, we assume that the cysteine substitution itself does not alter significantly the structure of the protein. We also consider a substituted cysteine to be exposed to the water interface and presumably to the lumen of the channel if glutamate-activated currents are persistently altered after the application of an MTS reagent. We also assume that a lack of a persistent effect on glutamate-activated currents indicates that the substituted cysteine is not in a water interface, presumably because it is buried in the interior of the protein. In certain instances, exposed cysteines may not be modified or may be modified without producing a persistent effect (silent reaction).
For our experiments, we generally used as a control and background the nondesensitizing GluR-A(L479Y) (wt') AMPAR subunit . We assume that channels composed of these subunits exist primarily in the closed state (absence of glutamate) or in the closed and open states (presence of glutamate). Residues within and C-terminal to the M3 segment as well as the Q/R site glutamine (Q582) in the M2 loop were individually mutated to cysteine (Fig. 1 B) . To simplify comparison with other GluR subunits, we referenced positions in M3 relative to the initial residue (S) of the highly conserved SYTANLAAF motif. When expressed in Xenopus oocytes, 27 of 33 cysteinesubstituted AMPAR mutants generated glutamate-activated currents comparable in amplitude with wt', 5 (W-10C, W-9C, F-7C, Lϩ5C, and Q582C) generated smaller currents, and 1 (Yϩ1C) did not generate detectable current. Leak currents for cysteine-substituted mutant channels before application of MTS reagents were comparable in amplitude with that for wt' with one exception, Aϩ3C, which showed much larger leak current. Figure 2 A illustrates our protocol to determine accessibility of substituted cysteines in the presence of glutamate. In the example shown, GluR-A(L479Y) (wt') channels, glutamate-activated currents recorded before (I pre ) and after (I post ) exposure to MTSET (2 mM, thick line) applied in the continuous presence of glutamate (1 mM, thin line) were unchanged, indicating that any possible modification of endogenous cysteines does not affect glutamate-activated currents. Similar results were obtained for wild-type GluR-A channels not containing the L479Y mutation (e.g., for MTSET applied in the presence of glutamate and 50 M cyclothiazide, % change ϭ 1.3 Ϯ 2.5%; n ϭ 3; mean Ϯ SEM). To determine accessibility of substituted cysteines in the absence of glutamate, we used a comparable protocol (Fig. 2 B) , except that we applied MTSEA in the absence of glutamate and in the continuous presence of the competitive AMPAR antagonist CNQX (10 M, open box) to minimize the probability of channel openings. Figure 2C summarizes the mean percentage change in current amplitudes measured before and after exposure to MTSEA (MT-SEA ϩ Glu) or MTSET (MTSET ϩ Glu) in the presence of glutamate or MTSEA in the absence of glutamate (MTSEA Ϫ Glu). Filled bars indicate positions where I post was significantly different from I pre . On the basis of the assumptions of SCAM, we considered such positions accessible to reaction with MTS reagents and as a first approximation exposed to the water interface and lining the channel pore. For accessible positions, MTS re- Presumed membrane-spanning ␣-helical domains in GluR subunits (M1, M3, and M4) and definitive comparable domains in K ϩ channel subunits (M1 and M2) are shown as white cylinders. Black boxes indicate the tip of the reentrant loop, Q/R/N site in GluR channels, and T site in K ϩ channels. Domains containing M1 to M3 in GluR subunits have a similar but inverted membrane topology to K ϩ channel subunits. B, Sequence alignment of pore-forming domains. Shown are amino acid sequences for AMPAR (GluR-A), KAR (GluR-6 and KA1), NMDAR (NR1, NR2A, NR2C, and NR3A), prokaryotic GluR0, and K ϩ channel (KcsA and MthK) subunits. Open boxes in the schematic drawings above and below the sequence alignment indicate hydrophobic segments M2 and M3 in GluR subunits and the pore helix (P) and inner helix (M2) in K ϩ channel subunits, respectively. Positions in GluR-A substituted with cysteines and alanines in the present study are indicated (CC. . . CC and AA, respectively). For ease of comparison, amino acids are numbered relative to the first position (S) in SYTANLAAF, the most highly conserved motif in GluR. The residues located at the tip of the reentrant loops [the N site in NMDARs and Q/R site in AMPARs (Kuner et al., 2001) ] are shown in black boxes. In K ϩ channel subunits, the amino acids that form the selectivity filter are indicated by asterisks, whereas those that correspond to the narrowest point of the MthK intracellular entryway and the gating hinge glycines are indicated by white and black arrows, respectively (Jiang et al., 2002a) . Open boxes indicate glycines in GluR subunits located in M3 and in the M2-M3 linker. Other positions occupied by similar residues are highlighted in gray.
Accessibility of substituted cysteines to MTS reagents
agents typically reduced glutamateactivated current amplitudes. In two instances, however, I-2C and S-1C, MTSEA had biphasic effects on glutamateactivated current amplitudes, a fast potentiation and a slow inhibition. For S-1C, the inhibition occurred so slowly that during a single MTSEA application (Fig. 2 A) currents were only potentiated (Fig. 2C , MTSEA ϩ Glu) (during a second MTS application, current inhibition started). On the other hand, for I-2C the fast potentiation was over during a single MTS application, yielding a net current inhibition (Fig.  2C , MTSEA ϩ Glu). Figure 2C (MTSEA ϩ Glu) shows that the entire M3 segment contains positions accessible to MTSEA in the presence of glutamate. This pattern is different from those for NMDAR subunits, where positions only in the C-terminal (extracellular) half of M3 are accessible to MTS reagents (Beck et al., 1999; Sobolevsky et al., 2002b) . The accessibility of the deep positions in AMPAR channel to MTSEA is not caused by this reagent crossing the membrane in its uncharged form (Karlin and Akabas, 1998 ) (and hence reacting from the intracellular side of the membrane) because some of these positions (I-15, G-12, and W-10) were accessible to MTSET, a permanently charged MTS reagent (MT-SET ϩ Glu), and the rate of reaction with MTSEA was strongly voltage dependent (see Fig. 4 ). Overall, the accessibility pattern in MTSET was more limited than that in MTSEA, presumably reflecting stronger steric constraints on accessibility to the larger-sized MTSET. The possibility of silent reactions for some of these differences cannot be excluded.
Steady-state accessibility of substituted cysteines is strongly state dependent (cf. MTSEA ϩ Glu and MTSEA Ϫ Glu). The most notable feature is that no positions accessible to MTSEA below L-5 in the presence of glutamate are accessible in the absence of glutamate. Our interpretation of this difference is that the activation gate of the channel, presumably located between F-8 and L-5, allows access to the deeper positions when the channel is open and prevents their accessibility when the channel is closed (see below). Additional positions (I-2C, S-1C, Nϩ4C, Aϩ6C, Vϩ11C, and Eϩ12C) also show state-dependent accessibility, with two of them (Vϩ11C and Eϩ12C) accessible in the absence but not in the presence of glutamate. This strong state dependence suggests that the entire M3 segment and the region C terminal to it are involved in gating-related movements.
One common feature of the patterns shown in Figure 2C is the lengthy region of accessible positions from Tϩ2 to Fϩ8. This region is a part of SYTANLAAF, which contains the "Lurcher" position (Aϩ7) (Zuo et al., 1997) and is involved in coupling ligand binding to GluR channel opening (Kohda et al., 2000; Jones et al., 2002) . Supporting the idea of the importance of SYTANLAAF to channel gating, three positions in this motif in GluR-A (Aϩ3, Nϩ4, and Lϩ5) showed significant changes in the leak current amplitude before and after MTS exposure (Fig. 2 D) . The strongest effect was observed for Aϩ3C where the large, compared with wild type, leak current amplitude was reduced more than twice after MTSEA application (⌬leak ϭ 56 Ϯ 6%; n ϭ 3). Similar but reversible inhibition of the Aϩ3C leak current was produced by 2 M philanthotoxin 343 (⌬leak ϭ 54 Ϯ 6%; n ϭ 5), an AMPAR open channel blocker (Bahring and Mayer, 1998) , supporting the idea that this leak current in oocytes injected with Aϩ3C is mediated by AMPAR channels. Hence, Aϩ3C substitution disrupts the closed state, an effect that we do not explore further here. Modification rate of cysteine-substituted AMPAR channels Modification rates of substituted cysteines depend on a number of factors (Karlin and Akabas, 1998) , including (among others) the local and global steric constraints such as the size of the waterfilled pathway leading up to the substituted cysteine; for charged reagents, the electrostatic potential along the pathway and at the residue; and the acid dissociation of the cysteine thiol group. Figure 3 , A and B, illustrates our protocols to measure modification rates in the presence or absence of glutamate. MTSEA (Fig.  3A, thick line, 1 min) was applied five times either in the presence of glutamate (thin lines) or in the absence of glutamate but in the presence of the competitive AMPAR antagonist CNQX (10 M) (Fig. 3B, open boxes) at a holding potential of Ϫ60 mV. Glutamate-activated current amplitudes, plotted as a function of the cumulative time of MTSEA exposure, were fit with a single exponential. The time constant of these fits defined the apparent second-order rate constant for chemical modification in the presence, k, and absence, k CNQX , of glutamate. For I-2C and S-1C, we show only the k and k CNQX values for the slow inhibitory component (Figs. 3, 4) . Figure 3C summarizes the values of k (solid circles) and k CNQX (open circles) for selected exposed positions. These rates varied widely, but this variability is similar to that observed for NMDAR channels (Sobolevsky et al., 2002a,b) and probably reflects multiple factors that can affect k and k CNQX (see above). Notable is the difference between k and k CNQX . With a single exception (Lϩ5), modification of substituted cysteine in the presence of glutamate was always faster than in the absence of glutamate (k Ͼ k CNQX ). For certain positions, the state-dependent changes in modification rate could be caused by local changes in orientation of substituted cysteines, but in general they suggest that at least below Lϩ5 the whole AMPAR channel pore becomes less accessible with channel closure. In analogy to NMDAR (Sobolevsky et al., 2002a) , the pore of AMPAR channel may become narrower in the closed than in the open state.
Positioning of M3 relative to the tip of the M2 loop on the basis of voltage dependence of modification rates
One approach to compare the relative positioning of exposed residues is to measure the voltage dependence of modification rates. To do so, we performed experiments as in Figure 3A at different membrane potentials, V h . Figure 4 A shows two examples of rate constants, expressed in a logarithmic form (Ϫ(RT/ F )*Lnk), as a function of V h . For I-15, the rate constants were strongly voltage dependent, getting faster at more negative potentials. In contrast, for Lϩ5, their voltage dependence was much weaker. The slope of the fitted line to plots such as those illustrated in Figure 4 A gives an estimation of z␦, the fraction of the transmembrane electric field MTSEA passes to reach the exposed cysteine (␦) multiplied by the reagent charge (z) (see Materials and Methods). Clearly, the z␦ values do not necessarily correspond to any physical distance. Nevertheless, taking into account the consistency of the overall voltage dependence for M3-it drops uniformly from presumed deep to external positions-, we assume that the z␦ values give an approximate index of the relative location of exposed positions in the AMPAR channel. On the basis of this assumption, the tip of the M2 loop (Q582) is located at the same approximate level as L-5 in the M3 segment.
Supporting the above conclusion, the values of k CNQX for 
Q582C as well as for all positions located deeper than L-5 in M3
are Ͻ1 M -1 sec -1 (Fig. 3C) , suggesting that Q582 is located deeper than L-5. On the other hand, the k values for M3 positions located deeper than L-5C are always Ͻ10 2 M -1 sec -1 , whereas that for Q582C is Ͼ10 3 M -1 sec -1 , placing the Q/R site external to positions located deeper than L-5. Taken together, both observations support the conclusion drawn from the voltage dependence experiments that Q582 is located close to position L-5 in the M3 segment.
The M3 segment is ␣-helical
With the assumptions of SCAM in mind (see beginning of Results), accessibility of substituted cysteines to MTS reagents (Figs.  2, 3) can address secondary structure. Figure 5A shows a binary representation of the accessibility of substituted cysteines in M3 on an ideal ␣-helix (helical wheel). We include in this analysis only positions in the M3 segment (positions less than ϩ9) because those located C-terminal to M3 may be located outside the transmembrane part of AMPAR. Solid and open symbols in Figure 5A indicate accessible and nonaccessible positions, respectively. In the presence of glutamate (ϩGlu), the deep part of M3 (Fig. 5A , positions I-15 to Tϩ2, top left wheel) shows a clear sidedness of accessibility consistent with this region forming an ␣-helix. Indeed, with one exception (W-10), all accessible positions are located on the same side of the helical wheel. The accessibility of W-10C could reflect that it is located in a water-filled crevice or that the introduced cysteine disrupts pore structure. In the absence of glutamate (ϪGlu; bottom left wheel), all positions below L-5 are not accessible, presumably reflecting that they are located below the activation gate.
The more external part of M3 (positions I-2 to Fϩ8) also demonstrates sidedness of accessibility, in both the presence (top right wheel) and absence (bottom right wheel) of glutamate. Compared with the deep part of M3, however, the line separating "accessible" and "nonaccessible" sides of the helical wheel has a different orientation. This change in orientation could be attributable to a tilt of M3 relative to the central axis of the pore (Fig. 7) or to a complex packing of M1 and M4 with respect to M3, or both. Another notable feature is that the accessible side of the helical wheel in the presence of glutamate (ϩGlu) is much larger than that in the absence of glutamate (ϪGlu). This reduction of the surface area, specifically on both edges of the accessible side, is consistent with the idea that there is a narrowing of the entire extent of the extracellular vestibule with channel closure (Sobolevsky et al., 2002a) . Finally, mutations that disrupt the closed state, Aϩ3 (present study) and Aϩ7 (Lurcher position, Kohda et al., 2000) are located on the nonaccessible side of the helix.
In summary, the good correspondence between the experimental data and the ideal model strongly suggests that the M3 segment in AMPAR channel forms a pore-lining ␣-helix like the homologous domain M2 in K ϩ channels.
Vertical alignment of GluR subunits
To compare the relative positioning of GluR subunits (NR1, NR2C, and GluR-A), we aligned their M3 segments along the central axis of the channel pore (Fig. 5B ) by placing the tip of the M2 loop (the Q/R/N site) at the same approximate level (dashed line). The vertical positioning of the M3 segments relative to this level is on the basis of observations that the Q/R/N site in NR1 (N598) is close to V-2 (Beck et al., 1999; Sobolevsky et al., 2002a) ; in NR2C (N593) it is close to V-5 (Sobolevsky et al., 2002a) , and in GluR-A (Q582) it is close to L-5 (see above). The M3 segments in NMDAR NR1 and NR2C subunits are staggered with positions in NR2C located about four amino acid residues more externally than homologous ones in NR1 (Sobolevsky et al., 2002b) . In terms of this relative positioning, M3 in GluR-A, where the Ϫ5 position is external to the tip of the M2 loop, is more NR2C-like. Also notable is that the accessibility of positions located deeper than Nϩ4 is identical for NR2C in the presence of glutamate (NR2C, ϩGlu) and for GluR-A in the absence of glutamate (AMPA, ϪGlu). Nevertheless, in detail, GluR-A M3 shows a distinct pattern of accessibility relative to NMDAR subunits (e.g., position Ϫ1 is accessible in GluR-A but not in either NMDAR subunits). In addition, AMPAR subunits may be staggered relative to each other, but this staggering is different from NMDARs because the pattern of accessibility is not the weighted sum of those seen in NMDAR subunits.
The greatest difference between GluR subunits is the accessibility of the deep regions in the presence of glutamate. For NMDAR subunits, no residues located below the tip of the M2 loop (N site) are accessible in the presence of glutamate. In con- trast, numerous positions located deeper than the Q/R site in GluR-A (I-15, G-12, W-10, W-9, and F-8) are accessible. The basis for the accessibility of these deep positions is unknown but it may be attributable to permeation of MTS reagents through the pore of open AMPAR channel or a less dense packing of poreforming domains. Alternatively, cysteine substitutions of the deep M3 positions might disrupt the structure of the pore making an endogenous cysteine (e.g., C585 in M2) accessible to externally applied MTS reagents. We think this alternative is unlikely because of the strong voltage dependence of reaction rates (Fig.  4 B) and strong sidedness of accessibility (Fig. 5A) .
No glycine gating hinge in the GluR-A M3 segment
The gating hinge in K ϩ channels is represented by a highly conserved glycine, the only amino acid residue [along with proline (Javadpour et al., 1999) ] that allows for flexibility in an ␣-helix. The key feature of this glycine is its location just below the tip of the P loop ( Fig. 1 ) (see Introduction). In a strict homology to K ϩ channels and taking into account the inverted membrane topology, a gating hinge glycine in GluR would be located one to three positions external to the tip of the M2 loop (the Q/R/N site). In GluR-A, this point corresponds to one of three isoleucines, I-4, I-5, or I-6 (Fig. 5B, black arrows) . Indeed, neither GluR-A nor NR1 or NR2C have a glycine residue located right above or even close to the tip of the M2 loop. The closest glycines in the GluR-A M3 segment are located six and seven positions (9 and 10.5 Å) deeper than the tip of the M2 loop (Fig. 5B, black boxes) . To address whether G-12 and G-13 form a gating hinge in GluR-A channels, we mutated these glycines to alanines, which would remove flexibility in an ␣-helix.
In K ϩ channels, alanine substitutions of the gating hinge glycine yield nonfunctional channels (Yifrach and MacKinnon, 2002; Ding and Horn, 2003) . In contrast, both leak and glutamate-activated current amplitudes in G-12A/G-13A GluR-A channels were similar to those for wild-type channels. In addition, all stationary and kinetic parameters for wild-type and G-12A/G-13A channels were indistinguishable, including the time constants for the entrance ( des ) and recovery ( rec ) from desensitization, the ratio of the steady-state to peak current amplitudes (SS/peak ratio), and the deactivation time constant ( deact ) (Fig. 6, Table 1 ). Concentration-response curves, in this instance for channels in a nondesensitizing L479Y background and hence measured for the plateau current, were similarly indistinguishable (Fig. 6 B) . Therefore, G-12 and G-13 glycines do not make any significant contribution to channel gating. Because these two glycines are the only ones in the GluR-A subunit M3 segment, we conclude that this ␣-helical domain does not contain a glycine gating hinge. A, Accessibility of substituted cysteines in M3 suggests an ␣-helical secondary structure. Helical wheel analysis of accessibility of cysteines substituted at positions Ϫ15 to ϩ2 (left wheels) and Ϫ2 to ϩ8 (right wheels) in GluR-A subunit in the presence (top wheels) or absence (bottom wheels) of glutamate. We do not include regions C-terminal to M3 (positions more than ϩ8) in this analysis because they may be located outside the transmembrane region having all sides water accessible. Open circles indicate nonaccessible positions. Black circles indicate positions accessible to MTSEA. Black squares indicate positions accessible to both MTSEA and MTSET in the presence of glutamate. Dashed line separates accessible and nonaccessible sides of the helical wheel. Yϩ1C does not generate a detectable glutamate-activated current. Aϩ3C forms channels with large leak currents, limiting the interpretation of cysteine modification. B, Vertical alignment of GluR subunits. Binary representation of the accessibility of substituted cysteines to MTS reagents in the NR1, NR2C, and GluR-A M3 segments in the presence (ϩGlu) or absence (ϪGlu) of glutamate. A position is considered accessible (filled circle) if at least one MTS reagent (MTSEA, MTSET, or 3-(triethylammonium)propyl methane thiosulfonate) produced a significant alteration in glutamate-activated current. Other positions are represented as open circles. The NR1 results are from Beck et al. (1999) and Sobolevsky et al. (2002a) , whereas those for NR2C are from Sobolevsky et al. (2002b) . Yϩ1C mutant in NR1 and GluR-A does not produce functional channels (crossed circle). GluR-A(Aϩ3C) and NR1(Aϩ6C)-NR2C channels exhibit large leak current and a strong and irreversible inward current after MTS exposure, respectively (gray circles). The approximate location of the Q/R/N site or the tip of the M2 loop relative to M3 is indicated by the dashed line. In a pure structural homology to an inverted K ϩ channel, the glycine "gating hinge" would be located right above the tip of the reentrant loop (black arrows).
Discussion
In the present study, we took advantage of substituted cysteines and fast agonist application to study the structure of poreforming domains in AMPARs, specifically those composed of GluR-A subunits. We focused mainly on the spatial positioning and functional significance of glycines in the M3 segment because of their prominence to the gating mechanism in K ϩ channels. We find that AMPARs show general structural similarities to K ϩ channels, with the M3 segment, like the homologous domain in K ϩ channels, ␣-helical in structure, lining the channel pore and involved in gating; however, the M3 segment does not have a glycine residue located right above or even close to the tip of the M2 loop (Fig. 5B) , and glycines in M3 do not contribute to channel gating (Fig. 6 ). This absence of a glycine gating hinge may represent the structural basis for the distinct features of gating in GluRs compared with K ϩ channels.
The M3 segment in GluR subunits does not contain a glycine gating hinge
The M3 segments in AMPAR and KAR subunits are highly conserved, suggesting that like GluR-A, no non-NMDAR subunit has a glycine gating hinge in M3. Neither NR1 nor NR2C subunits have a glycine located externally to the tip of the M2 loop (Fig. 5B ), arguing against a functional similarity to K ϩ channels. In fact, the entire M3 of any NR2 or NR3 subunits does not contain a single glycine residue. On the other hand, NR1 does have a glycine at about the same location as in GluR-A (Fig. 5B) . The secondary structure of M3 in NMDAR subunits is unknown, but presumably is ␣-helical. Therefore, taking into account the high sequence similarity of the M3 segments and assuming similarity in general design of structure and gating of different GluR subtypes, it seems unlikely that any GluR channel subunit has a glycine gating hinge in M3.
What is the significance of the glycines in the N-terminal part of M3, which are to some extent conserved in GluR subunits (Fig.  1 B) ? Although unknown, one possibility is that these glycines represent important contact points between helices. Indeed, glycines as well as other small side-chain amino acids (including alanines) are prevalent at helix-helix interfaces of membrane proteins (Eilers et al., 2002) . Given the positioning of these glycines below the tip of the M2 loop in GluR subunits, such a function seems likely (and the glycine to alanine substitution would be expected to introduce minor changes in this function). Nevertheless, more extensive mutagenesis will be required to fully address the structural significance of glycines in M3 as well as other transmembrane domains.
Location of the activation gate
In the M3 segment of GluR-A, many of the exposed positions located external to the tip of the M2 loop (L-5, I-2, Tϩ2, Aϩ3, Lϩ5, Fϩ8, Rϩ13, Mϩ14) show a state-dependent accessibility (Fig. 3B ) but remain accessible even in the absence of glutamate (Figs. 2C, 3B ). This pattern of accessibility is comparable with that found in the NMDAR NR1 subunit (Beck et al., 1999; Sobolevsky et al., 2002a) and in analogy suggests that the activation gate, the structure that occludes the flux of permeant ions in the closed state, is not located in the extracellular vestibule but rather is positioned at the narrow constriction of the channel (the tip of the M2 loop) or deeper. Further supporting this idea for GluR-A channels is that a consecutive string of positions located below L-5 are not accessible in the absence of glutamate even for steadystate reactions (Fig. 2C) .
In voltage-gated and bacterial K ϩ channels, the activation gate is formed by the bundle crossing of the inner helices with the narrowest part around A111 in KcsA (Liu et al., 1997; del Camino and Yellen, 2001; Jiang et al., 2002b) . The homologous location in GluR would be the extracellular end of M3 (position Fϩ8 in NR2C and GluR-A and position Dϩ12 in NR1), at least 13 residues (19.5 Å) external to the tip of the M2 loop. Our results, therefore, support the idea that the location of the activation gate in GluR channels is different from voltage-gated and bacterial K ϩ channels but similar to CNG (Sun et al., 1996; Flynn and Zagotta, 2001 ) and small conductance Ca 2ϩ -activated K ϩ channels (Bruening-Wright et al., 2002) , where it is associated with the reentrant P loop. It is also interesting to note that both AMPAR Smith and Howe, 2000) and CNG (Ruiz and Karpen, 1997 ) channels show concentration-dependent subconductance levels. Nevertheless, mechanisms underlying movement of the reentrant pore loops in channels with a glycine gating hinge and those without may or may not be comparable.
Structural similarity but different gating mechanisms in GluR and K
؉ channels K ϩ and GluR channels share a common structural design, having a similar, although inverted, membrane topology (Wo and Oswald, 1995; Wood et al., 1995) (Fig. 1 A) , an idea supported by the discovery of the prokaryotic glutamate receptor GluR0 that forms a possible evolutionary link between GluR and K ϩ channels (Chen et al., 1999) . The strongest evidence for this structural homology is for the reentrant M2 loop in GluRs that includes an ␣-helix followed by an extended region (Kuner et al., , 2001 Panchenko et al., 2001 ) like the corresponding domain (P loop) in K ϩ channels (Doyle et al., 1998; Jiang et al., 2002a) . The homologous domains M2 in bacterial K ϩ channels (S6 in voltage- Time constants for the entrance ( des ) and recovery ( rec ) from desensitization, plateau/peak ratios (SS/peak ratios), and deactivation time constants ( deact ) were measured in outside-out patches excised from HEK 293 cells (n ϭ 4 -10; see Materials and Methods for details).
gated K ϩ channels) (Jiang et al., 2003a,b) and M3 in GluR channels line the intracellular and extracellular vestibules, respectively, and are involved in channel gating. Our results also indicate that positioning of the tip of the M2 loop relative to M3 is comparable with that for homologous domains in K ϩ channels. Nevertheless, the M3 helices in GluRs do not contain a gating hinge, the principle structural element defining K ϩ channel gating. On the basis of these similarities and differences, we modified the model of K ϩ channel gating (see Materials and Methods) to create a general structural model of channel gating in GluRs (Fig. 7) .
The two left panels in Figure 7 are diagrams illustrating key features of K ϩ channel gating (Jiang et al., 2002b) . In this model, the crystal structures of KcsA (Doyle et al., 1998) and MthK (Jiang et al., 2002a) represent the closed and open conformations, respectively. In the closed state, the inner helices M2 are nearly straight. Their bundle crossing at the intracellular side of the membrane forms the activation gate that defines a large central cavity extending to the selectivity filter. In the open state, the M2 helices are bent at the glycine gating hinge and splayed open, forming a wide intracellular vestibule. Hence, the intracellular part of M2 moves extensively during gating. In contrast, the extracellular part, specifically that in contact with the P loop, remains essentially motionless, allowing the diameter of the selectivity filter, at least in voltage-gated and bacterial K ϩ channels (Jiang et al., 2002b) , to stay relatively stable and state independent.
Our model of GluR channel gating (Fig. 7 , right panels) is similar to that for K ϩ channels, including retaining a basic structural homology (see above). In addition, the general direction and character of movement of M1 and M3 during channel opening (they tilt relative to the central axis of the channel and splay out) remain similar to those for M1 and M2 in K ϩ channels (Fig.  7, left and right panels) . The model differs from that for K ϩ channels, however, in that regardless of the activation state of the GluR channel, the extracellular vestibule is wide enough to accommodate MTS reagents (Fig. 2 ). An additional key difference is that the GluR M3 segment does not contain a gating hinge and accordingly is fairly rigid, causing it to tilt but not kink in the middle when the channel opens. Therefore, in contrast to K ϩ channels, the entire M3 including parts in contact with M2 move during gating. Because M2 and M3 are in physical contact, our model predicts that movement of M3 leads directly to movement of M2. Because M2 forms the narrowest part of the GluR channel pore, even subtle changes in its conformation cause occlusion/ opening of the channel pore during gating. We therefore hypothesize that it is the lack of a gating hinge in GluR channels that leads to the activation gate being located at the tip of the M2 loop or deeper.
In summary, we propose that the absence of a gating hinge in the GluR channel and its presence in the K ϩ channel is the major reason for differences in their gating mechanisms. The model of GluR channel gating shown in Figure 7 is simplified and does not take into account detailed structural differences between GluR and K ϩ channels as well as possible structural differences between GluR subtypes. Such differences include the presence of the M4 segment, possible two-rather than fourfold symmetry (dimer of dimers organization) (Armstrong and Gouaux, 2000; Robert et al., 2001) , and the staggering (Sobolevsky et al., 2002b) and the order (Schorge and Colquhoun, 2003) of subunits in heteromeric complexes. The role of all of these factors as well as others needs to be characterized to fully define gating in GluR channels. Each column contains two diagrams that illustrate the channel viewed from the side (top) or from either the intracellular (K ϩ channel) or extracellular (GluR channel) side of the membrane (bottom). In side views, the front subunit is removed and the other three are oriented with the intracellular and extracellular surfaces on the top for K ϩ and GluR channels, respectively. KcsA (Doyle et al., 1998) and MthK (Jiang et al., 2002b ) structures represent the closed and open conformations of K ϩ channel, respectively. Only the M1, M2, and M3 segments are shown for GluR channel. White and black arrows indicate the approximate gate levels and the gating hinge in K ϩ channel, respectively.
